The biodiversity of wood-pastures depends on a balance between human interference and natural vegetation succession, which however is undergoing changes driven by socio-economic factors and climate change. Widely spread throughout Europe, wood-pastures were subject to either intensification or abandonment, leading to habitat segregation and loss. This is currently the fate of large Romanian remnant woodpastures and climate warming further complicates management adaptation. In a series of simulation experiments, we compared the long-term effects of different land use and climate change scenarios on the habitat diversity of a wood-pasture in the Southern Carpathians (Fundata village, Romania). We tested livestock densities according to management guidelines, complemented with shrub-cutting in order to maintain a structurally-diverse landscape with high habitat values in the light of climate change. We found that significant losses of open pastureland and inclusion into forest, as well as landscape structural simplification and loss of complex habitats can be expected from climate warming, with more severe consequences in a hotter climate perspective. We argue for the re-establishment of the traditional multi-use of wood-pastures at optimum livestock densities in combination with low-intensity shrubcutting, because our study demonstrated that traditional practices offer a balanced compromise between agricultural use and maintaining habitat mosaics that are robust to climate change.
Introduction
In wood-pasture landscapes, grasslands, forests and interconnecting ecotones form a mosaic of habitats, with a high value for nature conservation (Bergmeier et al. 2010; Hartel et al. 2015) . Widely spread throughout Europe, a process of segregation threatens these landscapes. Structurally-diverse mosaics with high habitat value shift either to (i) closed forest due to abandonment and subsequent forest succession, or (ii) almost treeless pastures due to intensification and subsequent cutting of isolated tree stands (Bergmeier et al. 2010; Chetelat et al. 2013; Fontana et al. 2014; Gallandat et al. 1995; Plieninger et al. 2015 Plieninger et al. , 2003 Roellig et al. 2018; Vera 2000) . In Romania, landscape simplification as a result of wood-pasture loss has recently gained intensity driven by socio-economic changes in the post-communism period Munteanu et al. 2014; Sutcliffe et al. 2015b Sutcliffe et al. , 2013 . In Western Europe, this process led to significant losses of biodiversity over the past century (Brandt 2003; Hartel et al. 2015; Hartel & Plieninger 2014; Makarewicz et al. 2012; Plieninger et al. 2015; Roellig et al. 2018) . Today, in the Carpathians, species which rely on the complex habitat structure of wood-pastures become threatened (Beaufoy et al. 2008; Bergmeier et al. 2010; Dorresteijn et al. 2013; Hartel & Plieninger 2014; Roellig et al. 2014) . The loss of wood-pasture mosaics leads to a decrease in the ecological value of the entire landscape (Hartel & Plieninger 2014; Marușca et al. 2014; Roellig et al. 2018 Roellig et al. , 2014 Sutcliffe et al. 2015b ). In Romania wood-pastures are still widespread and now require ecologically-sound management strategies (Öllerer 2013; Palang et al. 2006) . As wood-pastures origin from the traditional combination of multiple landuse forms, most prominently livestock grazing and tree and shrub-cutting for fire wood, sustainable economic strategies are required for the future to prevent their loss (Huber et al. 2013b; Sutcliffe et al. 2015b ).
Wood-pasture landscapes found in the Southern Carpathians differ from those in Western Europe in that they were managed in a traditional manner in large areas until recent times, whereas traditional Western wood-pastures are often small and scattered relicts. Traditional grazing practices had been preserved in the Romanian Carpathian area. However today, socio-economic changes in the post-communist era led to the decline of the rural population, resulting in poor interest in pasture management and even abandonment (Baumann et al. 2011; Kuemmerle et al. 2009; Loos et al. 2016; Munteanu et al. 2014; Sutcliffe et al. 2013) . Similar to many European countries, subsequent tree encroachment has profound implications for the legal state of pastureland. According to the Romanian Forest Code -Law no. 46/2008 (Parliament of Romania 2008 , amended and supplemented by Law no. 175/2017 (Parliament of Romania 2017)-Article 2 (paragraph b) and Annex 1 (definition 56, paragraph b), a wood-pasture has a tree cover of less than 40%. In cases were under grazing leads to higher tree cover, the land becomes subject of forest inclusion and management (Romanian Forestry Code, Article 1, paragraph k) and semi-open habitats are lost. Climate change is accelerating tree encroachment even on pastures that are grazed by medium densities of livestock, because significantly of prolonged growing seasons in the mountains. Although certain minimum or maximum values have been proposed for Romanian wood-pasture management (APIA 2017; Marușca et al. 2014 ), former thin canopy tree stands tend to densify and can be expected to accelerate in the future (Peringer et al. 2016) . The lack of pasture management also promotes tree encroachment, because shrub species such as juniper (Juniperus communis) facilitate tree regeneration by providing safe-sites against browsing (Smit et al. 2005) . The cutting of shrub and young trees is therefore necessary not only for economic reasons as it was in the past, i.e. the maintenance of a large forage area with high forage quality. Today it appears to be a requirement to prevent wood-pastures from becoming subjected to the inclusion in the Forest Fund -and thus to be segregated from pastureland (Gordon & Prins 2008) .
Altogether, Romanian wood-pastures require adapted management strategies that cope with changing socio-economic and climatic factors and that raise the attractiveness of wood-pastures Landscape Online -supported by the International Association for Landscape Ecology and its community Stoicescu et al. Landscape Online 74 (2019) -Page 3 for agriculture again. However, both grazing intensification and tree and shrub-cutting must respect the wood-pasture's mosaic structure, as the high biodiversity is associated with structural diversity (Farina 2006; Hartel et al. 2015 Hilpold et al. 2018; Olff et al. 1999; Patru-Stupariu 2011; Roellig et al. 2014; Tucker & Beaufoy 2014) .
In order to investigate the combined effects of livestock grazing, shrub-and tree-cutting and climate change on vegetation succession and the emergence of habitats, we used the simulation model of woodpasture mosaic dynamics WoodPaM (Gillet 2008 , 2016 . The model was developed to study these questions in the Swiss Jura Mountains and recently transferred to the Romanian Carpathians (Pătru-Stupariu et al. 2017; Peringer et al. 2016) . WoodPaM is capable of simulating mosaic landscape dynamics for scenarios that combine these three factors of wood-pasture management (livestock density, tree and shrub-cutting, climate change). The results illustrate the effects of the spatial and temporal interactions among these factors on vegetation patterns that are interpreted in terms of habitat value for target species.
In our study we answer the following questions:
1. Are the currently proposed livestock densities for wood-pasture management sufficient to conserve the mosaic structure in the light of climate change? 2. Will tree and shrub-cutting additional to grazing help to mitigate forest-grassland segregation or will pasture clearing promote structural simplification and the loss of ecotones?
3. May shifts in the structure of wood-pasture mosaics driven by long-term climate change be counteracted by adapted livestock densities and tree and shrub-cutting practices?
Altogether, we aim to provide arguments in the formulation of sustainable management guidelines towards the maintenance of a balance between the main functions of a wood-pasture landscapes, i.e. forage, wood and habitat provision.
Methods
In the following sections, we present the study area, the interviews on past and current land management practices, the topographic data used for model initialization and the land use and climate change scenarios used for simulations. Fig. 1 shows how data was combined to scenarios and how model output is evaluated.
Study Areas
Our study area is located in the commune of Fundata (Brașov County, Romania), in the central part of the Bran Passageway crossing the Southern Carpathians (Fig. 2) .
The commune of Fundata is situated at 1250-1360 m a.s.l. Its mountain climate is described by an average yearly temperature of 4-6⁰C and 800-1000 mm of yearly precipitation (Bîrsan and Dumitrescu 2014; Pepene & Popovici 2012) . The rolling relief is covered by deep, partly acid soils in alternation with limestone rock outcrops. Forests outside the woodpastures are dominated by European beech (Fagus sylvatica Linn.), whereas inside pastures Norway spruce (Picea abies Linn.) and juniper (Juniperus communis) constitute the grassland-forest ecotones and offer safe-sites for beech-establishment (Doniță et al. 2005; Dovčiak et al. 2007; Olff et al. 1999 ). Fertile pastureland was private even during the communist regime and these properties are fenced and located in the valleys and at the foothills. To the contrary, the hilltop area was part of the commonage land during the communist regime and a large part of it is now extensively used or abandoned (see Appendix 1). It is these commonage pastures, where forest-grassland mosaics are structurally rich and habitat diversity is further enhanced by shallow soils and rock outcrops (Pătru-Stupariu et al. 2017) . Continuous land use in Fundata started around 1650 AD with the establishing of permanent settlements (Pepene & Popovici 2012) . Some of the juniper and spruce individuals already exceed two meters in height ( Fig. 5 ) and increasingly shade the herb layer dominated by Nardus stricta. The pasture is a small part of the commonage area free of fences so that livestock may freely roam without further shepherding. Grazing is of low intensity and non-systematic and there is a lack in maintenance measures (such as shrub clearing). The pasture well represents the general trend of shrub and tree encroachment of wood-pastures in the area.
Fundata villagers (N=20). Local people were selected through a snowball sampling technique strategy (Flynn 1973) combined with random sampling. The snowball sampling strategy was applied to capture the main group of individuals that are informed about the grazing practices, their extent and intensity. The random sampling was selected to fully cover all the age classes (except for citizens younger than 18 years old), gender and various professions (Tab. 1). Interviews with local people were conducted in the local language, in different locations, including the Fundatatown hall, public spaces within the village or citizens' homes. The interview was structured into the following sections: (i) local people's knowledge about past and current land management practices with a focus on grazing pressure, (ii) local people's perception about signs of land use intensification or abandonment and (iii) interviewees' profile (gender, age and profession). The questions were asked in a direct manner (face-to-face) and adapted to targetgroup typology (using different words for the same content e.g. for the young and the old). The answers of the interviewees were transcribed during the interview sessions by an assistant and the length of the interviews varied between 30 and 40 minutes. 
Interviews on past and current land use practices
In order to collect information on past and current pasture management and grazing activities, semistructured interviews were conducted among The interviews were subject to content analysis. We used the results to form a general perspective regarding land management (refer to the results section 3.1), which was the basis for the formulation of land use scenarios for simulations (section 2.6).
The WoodPaM model
WoodPaM is a spatially explicit deterministic model, able to simulate vegetation dynamics in mountain wood-pastures (Gillet 2008; Peringer et al. 2016 Peringer et al. , 2013 . It is a grid-based model (square cell size is 25 m × 25 m) that operates at a yearly time step. At cell level, WoodPaM simulates the succession of herb-layer communities and the dispersal, establishment and growth of woody vegetation that are both influenced by grazing and browsing impacts of livestock and climate (elevation above sea level, continentality, slope exposition). At landscape level, WoodPaM simulates the dispersal of tree species (in neighbouring cells, as well as long-distance) and selective habitat use of livestock. Habitat selectivity considers herbaceous forage availability, tree cover and steepness of slopes. Thereby, a feedback loop is established in the model between the grazing and browsing impacts on vegetation at cell level and the tree cover distribution at landscape-scale. The feedback is further conditioned by the topography and the meso-climate. Based on this hierarchical and process-based structure, WoodPaM mimics the emergence of forest-grassland mosaics following livestock-vegetation-climate interactions. A detailed model description is given in Gillet (2008) and Peringer et al. (2016 Peringer et al. ( , 2013 . In our study, we used the same model version as applied in Peringer et al. (2016) , in which the model was transferred from the Swiss Jura Mountains and calibrated to our study site in the Romanian Carpathians.
Topographic data used as model input
In order to initialize the WoodPaM model, the following topographic data was used (details are given in the Appendices 2 and 3 in the Supplementary Material):
• altitude (digital elevation model 1:25 000, from LiDAR data),
• slope, aspect and curvature computed from the digital elevation model.
The model landscape covers the pasture area shown in Fig. 1 .3 and consists of 841 grid cells (25 x 25 m2). Hills and valleys as well as slopes and plains are well expressed. Rock outcrops were estimated from the combination of terrain slope and curvature based on the method used in the Swiss Jura Mountains (rock is exposed on convex surface and increasingly with steepness; Peringer et al. 2013 ) and fit the observed pattern well ( Fig. 3 and 4) . The model landscape therefore well represents the terrain characteristics of commonage pastures in the area. Its size is large enough to allow for the simulation of self-organization processes in vegetation pattern formation. On the other hand, the area is small enough to clearly demonstrate mosaic pattern shifts following the scenarios.
Climate time series
The climate data used for the simulations, namely the mean monthly temperature and monthly precipitation sum, is divided into three categories:
i) for the pre-observations period (1-1961 AD), stochastic climate was compiled based on reconstructions of annual temperature fluctuations (data source: Moberg et al. 2005) . Seasonal variability was generated stochastically based on the standard deviations of the observed data. This early period was important for the model spin-up (refer to section 2.6). Fig. 6 displays the pre-observational period between years 1650 and 1960 (termed PRE-OBS).
ii) for 1961-2016 AD observations were at hand from the Fundata Meteorology Station (1376 masl) ( Fig. 6 , termed OBS), provided by the National Meteorology Agency from the ROCADA dataset (Bîrsan & Dumitrescu 2014) ;
iii) for 2017 to 2099 AD, two climate change scenarios were adapted from regional to local level based on the IPCC scenarios RCP2.6 and RCP8.5, using the EUROCORDEX dataset (Bojariu et al. 2015; Jacob et al. 2014 ) provided by the Romanian National Meteorology Agency. Fig. 6 shows the "cool" scenario CLIM2.6 (temperatures in orange and precipitation in medium-dark blue) and the "hot" scenario CLIM8.5 (temperatures in dark orange and precipitation in dark blue). 
Design of simulation experiments: land use and climate change scenarios
All simulations started with a model spin-up period without grazing (years 1-1650 AD), which allowed for the development of a mixed forest community consisting of beech and spruce (tree species that are present in the landscape today). Cattle grazing started in calendar year 1650 AD (Pepene & Popovici 2012) with livestock densities that gradually varied in between 0.3 and 0.7 adult bovine units per hectare (ABU ha -1 ) with steps of 0.1 ABU ha -1 (grazing scenarios). Throughout the simulation interval (1650-2099 AD), the grazing intensity was maintained constant for each scenario and grazing duration was 120 days per year (short growing period of mountain climate). The cattle forage consumption was also held constant at current level. Therefore, we did not account for fluctuations in historic landuse and less productive breeds in the past. These shortcomings were disregarded, because we aimed to test the future consequences of current practices.
Grazing pressure was estimated in ABU ha -1 (adult bovine units per hectare) according to the definition provided by the Romanian Guide for Pastoral Management: "An adult bovine unit represents the load or the livestock for one hectare of pastureland and is established according to the green forage production per hectare, as well as the green forage needs of an animal for one day or for a certain amount of time." . Depending on the livestock types foraging in the pasture (cattle of different ages, sheep etc.), the conversion into ABU can be made according to the methodology provided by the Romanian legislation (MADR 2013).
The variation of livestock densities aims to test the consequences of future under-use of the pastures, as it was indicated by the interview results (refer to section 3.1), and of future intensification (in case subsidies raise interest again, section 3.1). The values cover the range in between the minimum and the maximum grazing pressure according to Romanian official documents and legislation in the field of pasture management: , 1650-1960) , observed values (OBS, 1961 (OBS, -2016 and climate change scenarios based on RCP2.6 (CLIM2.6) and RCP8.5 (CLIM8.5), adapted from regional to local level. • 0.5 ABU ha -1 is the (current) optimum livestock density suggested by ty (Maruşca, personal communication in November 2014).
• 0.7 ABUha -1 is proposed as the maximum grazing pressure (APIA, 2017) for grasslands of high importance for bird species (Crex crex) and butterfly species (Maculinea sp.).
For shrub-cutting, two scenarios were defined that represent active pasture clearing for maintenance and no additional pasture management apart from grazing. The variation of shrub-cutting aims to test the consequences of the future (re-)establishment of pasture management (supported by subsidies) or the disregard, as it was indicated by the interview results (refer to section 3.1). Shrub-cutting frequency was yearly as recommended in the Romanian farmers' guide for pasture management ). Extent of shrub-cutting was 50% of the model landscape with randomly selected grid cells. Thereby, in the neighbourhood of managed grid cells, a certain cover of shrubs is respected as favourable for biodiversity conservation and in irregular distribution (Gallé et al. 2017; Nikolov et al. 2011) . Thereby, landscape structural simplification by large clear-cut areas is avoided. Shrub and tree cutting was introduced starting in year 2020, in order to test if pasture cleaning practices help mitigate forest-grassland segregation in the context of climate change scenarios. The intensity of pasture cleaning was maintained constant from year 2020 until 2099.
Each grazing scenario was tested in combination with each shrub-cutting scenario and with the two climate change scenarios, which lead to a total number of 20 scenarios simulated with WoodPaM (Tab. 2).
Analysis of model output
For each scenario, we analysed the structural complexity of the simulated landscapes, using the landscape aggregation index AIL (He et al. 2000) , which distinguishes disperse vs. compact distributions of habitat types (Gallandat et al. 1995, Legend high value indicates mosaic pattern segregation. The Romanian Forest Code defines wood-pastures with a tree cover of less than 40 % (Parliament of Romania 2008). In order to illustrate how vegetation dynamics influences land management options, we calculated the area where tree cover was simulated to exceed 40 % and where, subsequently, land would risk the inclusion into the National Forest Fund (hence the exclusion from the pastoral management, leading to mosaic landscape segregation).
We compared the results for three analytical time steps, namely years 2013, 2050 and 2099. 2013 corresponds to the most recent aerial image of the pasture (Fig. 3) within the observed climate time series, 2050 to near and 2099 to far climate change (diagrams in Fig. 7 ).
Results

Interview results
70% of the answers suggest that landscape changes in the past years have been caused mainly by socioeconomic factors. In the communist regime, Fundata villagers have been using a large commonage pastureland. After recent shifts in land ownership, most of the commonage area has become private and underused. Regarding management practices, all of the interviewees view the wood-pasture as poorly managed and point out that shrub clearing is highly neglected.
20% of them consider this to be caused by the migration of the young population towards urban areas, while 15% point out the misuse of subsidies received for pasture management. 95% of the locals point out intensive clear-cuts in the neighbouring forests and therefore economic interest in forestry instead of grazing and shrub-cutting.
Based on these results, we integrated two points into the design of land-use scenarios: (i) Current underuse and poor management is modelled by scenarios with low grazing pressure and absence of shrub-cutting. (ii) Appropriate use of subsidies might shift the economic interest from forest back to the pastures, which is modelled by scenarios with high grazing pressure and active shrub-clearing. For the scenario design refer to section 2.6.
Simulation results
The simulation results are shown in terms of the gradient analysis for varying livestock densities. Fig. 7 shows our key landscape state variables, i.e. the total area in which tree cover exceeds 40% (EX40%, black) and the landscape aggregation index (AIL, grey) in order to indicate landscape structural diversity. Both are plotted against the simulated grazing pressures with and without shrub cutting and for both climate change scenarios.
This aggregated form of model output is complemented in Appendices 4 and 5 with maps of simulated habitat mosaics for all scenarios. Here we also show maps of the potential future loss of woodpasture area by forest inclusion, illustrating for each simulated landscape the areas where tree cover exceeds 40%.
Results for recent climate
The model output for year 2013 AD (first row in Fig. 7) well reproduced the recommendations of Marușca (2014) for pasture management based on the experience of the past. Namely optimum grazing pressure (0.5 ABU ha-1 in Fig. 7 ) maintained the entire pastureland at its highest landscape structural diversity (AIL, grey line, was lowest) and tree cover was below 40 % (black line) in the entire landscape.
Also the recommended minimum livestock density (0.3 ABU ha -1 ) kept almost two thirds of the pasture area in a semi-open state, but one third presented the risk of forest inclusion. Structural diversity was simpler due to widespread tree and shrub encroachment and lack of true open pasture (Appendix 4). The maximum livestock density (0.7 ABU ha -1 ) led to almost treeless pasture (Appendix 4) and subsequent simpler landscape structure.
Results for climate change scenarios in the absence of shrub-cutting
For the future, the model suggests that the relation among grazing pressure, open pastureland and landscape structural diversity remarkably depends on hot vs. cool climate change perspectives (diagrams for near and far climate change in rows 2 and 3 in Fig. 7) . In the absence of shrub-cutting (solid lines), areas with more than 40 % tree cover increased with climate warming and the increase was stronger in Landscape Online -supported by the International Association for Landscape Ecology and its community It appeared that, in general, the optimum landscape structural diversity (grey solid lines)also shifted towards higher grazing pressures with climate warming (the location of lowest AIL shifted to the right along the grazing pressure gradient). This process was accelerated with hotter future climate (compare the location of lowest AIL in 2050 between the cool and the hot climate change scenario). In the cool climate perspective, optimum grazing was able to maintain the highest landscape structural diversity for the near future. In the far future of a hot climate perspective, no true optimum grazing pressure can be identified (the grey solid line is almost horizontal in 2099). Moreover, the AIL value was above 0.7 for all grazing pressures, which indicates a general landscape structural simplification regardless livestock densities.
Results for climate change scenarios in the presence of shrub-cutting
The presence of shrub-cutting was generally able to maintain the historic relation between open pastureland and grazing pressure and therefore to mitigate the impact of hotter climate. Our results show that, if the historic optimum grazing (0.5 ABU ha -1 ) is combined with shrub-cutting practices, the pasture is prevented from exceeding 40 % in tree cover even in a far and hotter future (in Fig. 7 , the black dotted lines in all diagrams touch zero at 0.5 ABU ha -1 ). This would conserve pastureland and prevent the woods to be legally included into forest.
Shrub-cutting also maintained historic landscape structural diversity for low and optimum grazing pressures (compare the grey dotted lines among all diagrams of Fig. 7 , with a minimum around the optimum grazing pressure of 0.5 ABU ha -1 ).
In the cases of grazing pressure being higher than optimum however, shrub-cutting on the one hand side helped to maintain open pastureland (the area with tree cover more than 40 % was around zero), but landscape structure was simplified (values of AIL increased, grey dotted lines compared to grey solid lines in Fig. 7) . This effect is remarkable, because in general the introduction of stochasticity into the model (i.e. random selection of cut-down cells) should disperse the habitat pattern and therefore increase structural diversity, but simulated negative ecological effects from combined cutting and grazing outweighed.
Discussion
Landscape modeling
The incompatibility between the timeframes of tree development and human life expectancy does not allow for conducting experiments in real-world silvopastoral systems (Pălăghianu 2016; Perry & Enright 2006) . We therefore conducted a landscape modelling study in order to project the potential impacts of climate change on wood-pastures in the Southern Carpathians. We tested land use options for mitigation in a series of hypothetical experiments. Our systematic approach basically followed the analysis of pattern and process relationships along a gradient of grazing pressure. We additionally considered shrub-cutting for being the traditional measure of pasture management. The future variability of grazing pressure and shrub-cutting action was based on the perception of local stakeholders of current and historic land management and the use of subsidies as well as on the existing regulations for pasture management. We expanded the scope of previous studies in wood-pastures of the Southern Carpathians (Peringer et al. 2016 based on historical observations) by the consideration of two climate change scenarios (following Peringer et al. 2013 in the Swiss Jura Mountains) and by the consideration of the traditional multi-use of wood-pastures (combined analysis of grazing and shrub-cutting following . This framework allowed us to test existing management guidelines for Romanian wood-pastures under future climatic conditions and to propose mitigation measures for climate change impacts.
Regarding the climate change scenarios, the scenario RCP2.6 (van Vuuren et al. 2011) may already be considered implausible regarding temperature levels and extreme events that are major drivers of ecological dynamics, because in recent years the temperatures have already exceeded the projection towards the end of this century (2099 AD). Even in the case of the hot and pessimistic scenario RCP8.5 (Riahi et al. 2011) , observed temperatures in 2015 and 2016 at the Fundata weather station have been higher than those projected for 2017-2050. Therefore, simulated changes in landscape structure appear to be more likely under the hot climate change scenario than under the cool climate change scenario. Moreover, as climate change scenarios lack recently observed strong fluctuations and extremes, shifts in wood-pasture mosaics can be expected to occur earlier and more abruptly than demonstrated by our simulations, because extremes may trigger qualitative changes in ecological dynamics. Altogether, our suggestions for adapted management may be more urgent than indicated by the simulation's timeframe.
Another simplification in our scenarios is that the simulated grazing and shrub-cutting intensities were held temporally-constant. On the one hand side this is unrealistic. On the other hand side it allowed the clear demonstration of climate change impacts as the unique driver of landscape dynamics in our scenarios. As testing management guidelines in the light of climate change is the innovation of our study, we chose this simple but focused design in order to demonstrate fundamental relationships.
To do so, we highly aggregated the detailed model output (refer to the supplementary material) to the display of key landscape state variables along the gradient in grazing pressure and for the presence or absence of shrub-cutting. The key variables were selected to explain landscape structural diversity and thereby the provision of typical habitats of wood-pastures, i.e. forest-grassland mosaics with interconnecting ecotones (landscape aggregation index AIL following He et al. 2000) .The area where tree cover exceeds the 40% is based on a legislative threshold that strongly limits future pasture management (refer to the methods section 2.7) and was selected in order to demonstrate the risk of future long-term habitat loss. This approach allowed for a clear illustration of changes in ecological values and in responsibility (delegation between forestand pasture-related authorities) under different management options and future climate change. All conclusions from the diagrams were plausibilitychecked based on the maps of landscape dynamics in the supplementary material.
Climate change impacts on the ecology of wood-pastures
Mountain ecosystems are among the ones where climate change impacts most (Beniston 2005 (Beniston , 2003 .
In mountain wood-pastures, the following climatic constraints are most importantly altered by climate change and are modelled by WoodPaM: the length of the growing season and the coldness of winters . Longer growing seasons basically promote the accumulation of biomass. For the herb layer this means larger amount of forage for livestock. For shrubs and trees this means faster growth and larger amount of seeds (anemochory and zoochory prevail in the reproduction of woody species in the study area). The damage of severe frost events to tree seedlings is reduced.
Altogether, climate change accelerates tree encroachment, because of more frequent and facilitated establishment of seedlings (Peringer & Rosenthal 2011) , their faster growth and reduced browsing damage (Smit et al. 2015; Vandenberghe et al. 2007 ). The latter is a consequence of the relative decrease of grazing pressure for a given herd size if forage is plenty. Moreover, longer growing seasons allow trees to tolerate more shade and this leads to densification of the canopy with climate warming where in historic times thin mountain forests dominated (Peringer et al. 2015) .
Two consequences arise from climate change for the ecological value of wood-pastures in our study and were demonstrated by the model. First, the relative decrease of grazing pressure in combination with facilitated tree and shrub encroachment leads to the maintenance of reduced areas of open pasture by a given herd size, because tree and shrub seedlings that encroach pasture are damaged less and regenerate faster from browsing in prolonged growing seasons. Second, tree canopy densification reduces the forage in former thin canopy forest. In turn, livestock disregards forest for grazing. Forest-grassland mosaic segregation is the consequence and the loss of interconnecting, species-rich ecotones (Peringer et al. 2015 of recent climate warming and land use change (Chetelat et al. 2013; Peringer et al. 2016 Peringer et al. , 2015 In order to break this natural trend of mosaic pattern simplification and subsequent loss of habitats, landscape structure requires direct human interference. Here, shrub-cutting is the traditional method that created historic diverse landscape mosaics. However, shrub-cutting may not only focus on encroached pastureland but also on thin canopy forest, where otherwise tree seedlings may readily establish protected by shrubby understory and densify the forest canopy later on. Our modelling of random dispersion of shrub-cutting in the forest-grassland mosaic mimics this approach and demonstrates the beneficial consequences for landscape structural diversity.
Guidelines for wood-pasture management
Many studies made clear that wood-pastures require a degree of human interference that is balanced with natural processes in order to maintain habitat diversity and corresponding biodiversity. Both abandonment and undergrazing, as well as overgrazing and extensive pasture-clearing will lead to the loss of mosaic structures (e.g. Chételat et al. 2013) , which are moreover highly sensitive to climatic variability 
Recommendation of traditional multi-use of wood-pastures
We recommend the re-establishment of the traditional multi-use of wood-pastures at currently proposed optimum livestock densities (0.5 ABU ha -1 , Maruşca 2014) in combination with low-intensity shrub-cutting. Thereby our study demonstrated that traditional practices offer a balanced compromise among agricultural use and habitat mosaics that are robust to climate change. Therefore, we argue to direct subsidies to traditional multi-use rather than to the intensification of grazing pressure by larger herd sizes and necessary infrastructure (watering places and shelter).
Regarding wood-pasture ecology, the benefits of traditional multi-use to counteract climate change impacts are plausible. Shrub-cutting is appropriate to counteract the climate change driven development of dense canopy thickets avoided by livestock, which will therefore segregate from the pasture and turn into forest. Shrub-cutting also offers the opportunity to maintain the optimum livestock density of 0.5 ABU ha-1, which is important for the biodiversity and ecosystem services of the herb layer. The Romanian Guide for Pastoral Management for a permanent pasture dominated by Nardus stricta (which is the case for the study area) and to avoid ABU ha-1soil erosion. Low-intensity of shrubcutting is important, because a moderate cover of shrubs serves the prevention of soil erosion in steep mountain terrain ) and provides important habitats (Gallé et al. 2017; Tölgyesi et al. 2017) . Cutting isolated trees should also be avoided because of their high ecological value (Kirby and Watkins, 2015; Hartel et al., 2017a; Roellig et al., 2018) .
Livestock grazing as exclusive management option
In cases where shrub-cutting is difficult to practice, e.g. in steep and rocky terrain, or when labour lacks in (depopulated) remote regions, a moderate increase of grazing pressure (0.1 ABU ha -1 in our case) in the near future and an increase towards maximum grazing pressure (0.2 ABU ha -1 ) in the far future is recommended to maintain pastureland.
The requirement of increasing livestock densities is plausible regarding the increase of forage production by the herb layer with prolonged growing seasons. However, care is needed, because exceeding the optimum grazing pressure might evoke soil erosion and shifts in the biodiversity of the herb layer.
The application of grazing with larger herds as an exclusive management option comes with some further constraints regarding the conservation of landscape structural diversity and pastureland. Without shrub-cutting, the structure of the grassland-forest mosaic is pre-determined by topography and soil (Pătru-Stupariu et al. 2017; Peringer et al. 2017 ) leading to treeless pasture on deep colluvial productive soils (preferred forage grounds) and woods on unattractive sites for foraging (steep slopes, shallow unproductive soil, Peringer et al. 2017) . This livestock-vegetation interaction in complex terrain is causal for the emergence of mosaic patterns in mountain pastures and it becomes more pronounced the stronger the three factors are (i.e. faster vegetation growth, higher grazing pressure and terrain complexity). In our results, the interaction of vegetation and grazing becomes stronger with climate warming due to increased forage production in prolonged growing seasons (on deep soil) and due to facilitated tree regeneration and growth. As a consequence, comparatively rich mosaic patterns emerged in our simulations for warmer climate under all grazing pressures, even under low and maximum grazing pressures.
Regardless these results, it should be clear however that only high grazing pressures maintained open pastureland, whereas rich mosaics for low grazing pressures are in fact mosaics of densely wooded habitats subject to forest inclusion. Moreover, such landscape structural diversity is closely coupled to a rich topography, which is the characteristic of mountain pastures. Wood-pastures in plain areas probably show devastating developments in hotter climate, because drought is likely to limit vegetation regeneration and to weaken the livestock-vegetation interaction, and topography pre-determines mosaic patterns to a lesser extent.
Conclusions
Our work demonstrates that landscape modelling can provide coherent arguments in the sense of mitigation between climate change and the conservation of wood-pasture ecosystem services. Moreover, we establish a functional relationship among pasture management and ecological values as a basis for the conceptualization of subsidies. We underpin the necessity of adapting the current management by taking into account the following aspects.
Firstly, to proceed grazing with current low livestock densities and poor pasture management (absence of shrub-cutting) will threaten large parts of pastureland with tree encroachment and legal inclusion into forest. Future restoration options will then be highly difficult. Such severe consequences are more likely in a (realistic) hotter climate change perspectives within the next decades.
Secondly, the re-establishment of the traditional multi-use of wood-pastures, i.e. currently proposed optimum grazing pressure in combination with lowintensity shrub-cutting, is recommended to maintain the historic landscape structural diversity, key habitats for threatened species (open pastureland and grassland-woodland ecotones) and ecosystem services (livestock breeding, prevention from soil erosion). The ecological values appear to be robust even against a hot climate change perspective. We therefore argue to focus future subsidies on traditional management.
Lastly, to stepwise increase herd sizes of livestock up to recommended maximum levels is a tool to maintain pastureland and structural diversity where shrub-cutting is impractical or when subsidies lack. Care is needed however regarding herb layer biodiversity, erosion and topography suitability. 
